Abstract -The application of ion cyclotron resonance spectroscopy to the stUdy of organometallic reactions is described. Methodology is outlined for the determination of metal-hydrogen, metal-carbon and metal-ligand bond dissociation energies and representative results are given. These data are of fundamental importance in understanding the reactions of organic molecules at transition metal centers. Decarbonylation of aldehydes and dehydrogenation of alkanes are treated as examples of oxidative addition processes. Elimination of methane from hydrido methyl complexes exemplifies the study of reductive elimination reactions. Additional examples include studies of the acylation and alkylation of metal complexes, and the reactions of molecular hydrogen with several coordinatively unsaturated species.
INTRODUCTION
The growing field of organametallic chemistry is capturing the attention of an increasing number of researchers from both sides of this interface between organic and inorganic chemistry. In rendering the study of organic reactions a predictive science, organic chemists have benefitted enormously from the availability of quantitative data relating to bond strengths and acid-base properties of molecules. 1'hese data have been greatly expanded in recent years by studies utilizing ion cyclotron resonance spectroscopy (ICR) (Refs. [1] [2] [3] and high pressure mass spectrometry (Ref. 4) . In contrast, there is a paucity of quantitative data relating to the energetics of metal-ligand interactions, including most importantly metal-hydrogen and metal-carbon bond dissociation energies (Refs. 5 & 6) . The interpretation of organometallic reaction mechanisms and the design of new reagents and catalysts in other than an empirical fashion requires the availability of such data. In this brief account we summarize our efforts in applying the techniques of ion cyclotron resonance spectroscopy to the solution of this problem.
In addition to characterizing the nature and strengths of metal-ligand bonds, ICR studies have also revealed a rieb chemistry associated with chemical transformations effected by the interaction of metal complexes with organic molecules. The variable oxidation states of transition metals are primarily responsible for their role as reagents and catalysts for organic reactions (Ref. 7) . Not surprisingly, the most commonly observed processes other than ligand displacement reactions are oxidative addition and reductive elimination reactions. Examples of these processes are presented which illustrate the need for quantitive metalligand bond strengths to interpret reactivity.
EXPERIMENT AL METHODS
In ion cyclotron resonance experiments, electric and magnetic fields are utilized to create an electromagnetic bottle in which charged particles can be stored for time periods up to several seconds (Ref. 8) . Ions suffer collisions with neutrals at a rate of approximately one per second at 1o-• torr (Ref. 1) . Hence, if reaction occurs at every encounter, reactants will be converted to products in 10 msec at 10-6 torr. In a typical experiment reactant ions are generated from a volatile precursor by a pulsed electron beam and stored for a suitable delay time or reaction period. Ion concentrations and masses are determined using the principle of ion cyclotron resonance in which absorption of energy from a radio frequency electric field occurs at the cyclotron frequency of the detected ion (Refs. 1 & 8). Positive or negative ions may be examined with equal facility. By varying the delay time, temporal profiles of ion concentrations are obtained. These are analyzed to yield information relating to the ldnetics and thermochemistry of ion-molecule reactions (Refs. [1] [2] [3] . Theseexperimentsare exemplified by the data shown in Fig. 1 for (7) (1) range of organametallic complexes (Refs. 14-20} are summarized in Table 2 . In cases where protonation occurs on the meta! center, these data directly yield metal-hydrogen band dissociation energies, defined by the enthalpy change for homolytic band cleavage, reaction 2. Equation 3 relates these quantitiesi where IP(B) is the adiabatic ionization potential of B. For the first six entries in Tab e 2 protonation on the meta! is likely. Also included in Table 2 are several metal hydrogen bond dissociation energies for diatornie metal hydride ions. These have been determined in our laboratory from measured thresholds for endothermic processes such as reaction 4 (Refs. 21 & 22) .
Metal-carbon bond dissociation energies can be derived in a similar fashion by studies of alkylation reaction (Refs. 10 & 14) . I~ the case of CpNiNO, a methyl cation affinity in the range 51 kcal/mole < D(CpNiNO-CH 3 ) < 56 kcal/mole has been determined (Ref. 10).
This yields a rather low homolytic bond energy of 17 kcal/mole, which represents the metal carbon bond dissociation energy provided alkylation occurs on the metal center. The latter points out one of the difficulties of gas phase studies of ion-molecule reactions, namely, that structures must usually be inferred. In cyclopentadienyl nickel nitrosyl alone, only the parent ion, CpNiN0+ 1 is observed at low electron energies (8. 5-10. 5 eV), and reacts with the precursor to yiela Cp 2 Ni 2 NO+ as indicated in Table 1 The relative free energies of binding B1 and B 2 can be determined from equilibria observed for process 6 with an accuracy of ± 0. 2 kcal/mole for AG :5; 3 kcal/mole. These data are converted to enthalpies by assuming AS is zero except for small corrections due to changes in symmetry numbers.
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Representative data for binding energies of CpNi+ to n-donor bases are shown in Fig. 2 , where they are compared to proton binding energies for the same series of bases. Both (Fig. 2, equation 7) .
öD(B-NiCp+) = 0.296 öD(B-H+)-0.453 {7)
The correlati~n may be of predictive value 1 e. g., from öD(H 2 0-Ir) = -32.0 kcal/mole, öD(H 2 0-NiCp ) = -9. 9 kcal/mole is obta.J.ned.
The notable exceptions to the observed correlation of metal-ligand band dissociation energies with proton affinities occurs for ligands which participate in 1r-bonding with metal centers. In all cases the deviation indicates a strenger interaction with the metal center relative to the proton.
Recent semiemP!rical molecular orbital calculations of the electronic structure of M(CH)n (n = 3-8) and M(C0) 3 fragments lead to a qualitative description of the bonding in CpNi+ aoo CpNiB+ species. For CpNiB+, bonding occurs primarily through ligand-to-metal a donation into the empty 4s orbital on the metal. For those ligands with filled 11 orbitals (NO, HCN, MeCN, MeNC, and MesAs), delocalization of the ligand 11 electrons into the empty metal e1 (dxz and dyz) orbitals may occur, stabilizing the charge on nickel and leading to a strenger metal-ligand band (Ref. 26 ).
An obvious extension of the above study considers a system with two exchangeable sites. The complex CpFe{C0) 2 CH 3 has proven ideal for such investigl!tions (Ref. 27) . Reactions of proton donors with this species lead to the formation of CpFe(CO)/, which rapidly exchanges both CO ligands with n-donor bases. With two bases present there will be three possible complexes formed. The relative abundance of these complexes will be determined in part by interactions between the two ligands as indicated in Fig. 3 . Steric effects may favor smallligands over ligands with bulky substituents. Electrostatic repulsion would render a complex with two highly polar ligands unfavorable. Synergistic effects may also be observed, with pure a-donor ligands increasing the electron density available on the metal center for back bondirig to w-acceptors. As an example of such studies, the two ligands acetaldehyde and dimethyl ether have nearly equal binding energies to CpNi+ (Fig. 2) . None of the special effects indicated in Fig. 3 should be important. Consequently in a mixture containing CH CHO and CH 3 0CH in a 1:1 ratio the three complexes CpFe(CHs.CHO) +, CpFe(CHli<?Ci1 3 )(CH 3 CHO)+ and CpFe(CH 3 0CI9/ should be observed in a stabstic;a ratio of 1:2:1. Tnis is very close to the observed rauo at lang times (Fig. 4) . In general the data for ligand binding to CpNi+ has been found to be transferable to other cationic systems with several binding sites, provided none of the interesting effects noted in Fig. 3 is observed for RCHO = MeCHO, EtCHO, i-PrCHO, and t-BuCHO. CpNiRH+ is observed with RCHO = 3-methyl acrolein and benzaldehyde. Decarbonylation reactions arenot observed for H 2 CO, CFsCHO, CHsCOCl, CH 3 C0Br, Me 2 CO, and MeOAc.
These results Iead to several conclusions concerning decarbonylation reactions effected by CpNi+. The reaction mechanism is specific for aldehydes, as none of the molecules CH COX (X= Cl, Br, CH 31 OCHs) are decarbonylated. This suggests that hydrogen on the acy\ carbon is important, since product ions which result from facile x-transfer to nickel are observed only for X= H, and not for X= Cl, Br, CH 31 OCHs. A measure of acyl carbon-hydrogen bond strengths is given by the hydride affinity, D(RCo+-H-), of these cations. Using available thermochemical data, it is apparent that when D(RCo+-H-} becomes greater than ,.. 250 kcal/mole, decarbonylation is not observed, presumably because hvdride transfer to CpNi+ does not occur. The weaker of "the two bonds CpNi(RH)f-co or CpNi(CO)+-RH will be preferentially broken in the final step of the reaction.
An energy profile diagram and proposed intermediates for the decarbonylation of acetaldehyde is shown in Fig. 5 Reducti ve elimination reactions The reductive elimination of alkanes from organametallic complexes is an important class of reactions for which the mechanism remains controversial in many instances. This is due in part to the difficulties in characterizing reactive intermediates in solution. Treatment of transition metal alkyl complexes with acids in solution often leads to the evolution of alkanes. Pentacarbonylmethylmanganese is one compound which shows this reactivity; it decomposes rapidly in acidic media with methane evolution (Refs. 30 & 31) . Studies of the protonation of (C0) 5 MnCH 3 in the gas phase provide interesting insights into both the mechanism and energetics of methane formation in this system (Ref. The important features of the observed reactions, as illustrated in Fig. 7 , are as follows: Methane elimination takes place with proton donors for which PA(B) E; 203 ± 3 kcal/mole. Onset of reaction 13 establishes a proton affinity of (C0) 5 MnCH as 188 ± 3 kcal/mole. If the proton transfer reaction is sufficiently exothermic, inter~ excitation of the product of reaction 13 may be sufficient for dissociation to occur (Equation 15) , in which CO is lost in (15) preference to C~. Decomposition according to reaction 15 is observed with donors less basic than HCN. This result indicates D[(C0) 4 Mn(CH 3 )(H)+-CO 1""' 7 ± 2 kcal/mole.
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These data are consistent with two available reactive sites on (C0) 5 MnCH 3 ; reactions 1 and 2 are not competitive in the sense of having common or readily interconverted intermediateS. We propesethat protonation of the manganese-methyl bond leads to formation of methane with little or no activation barrier. Protonation at a second sitel. accessible with strenger proton donors, forms a kinetically stable protonated complex. ~Solution data on protonation of similar species lead us to believe the (C0) 5 Mn(CH~)H+ ion is a hydridomethyl species with the proton on the metal center. The manganese-hyaride bond dissociation energy of 67 ± 3 kcal/mole is comparable to those of other first row transition metal hydrides ( Table 2 ). The elimination of methane from [(C0) 5 Mn(CH 3 )H+ 1 is not competitive with loss of CO. The above data indicate an activation energy for reductive elimination in excess of 7 ± 2 kcal/mole. These results are summarized in Fig. 8 , where the activation energy Ea for elimination of methane from (C0) 5 Mn(CH 3 )H+ is unknown.
Reactions of Hydrogen with organametallic complexes
In studies of organometällic reactions invoiVing first row transition metals we have searched for but not observed processes involving the reaction of molecular hydrogen at transition metal centers in mononuclear complexes. Such reactions occur readily with rhodium.~m plexesl. however. Protonation of CpRh(C0) 2 leads to formation of the ions CpRh(CO)nn ·, n = 0-<::, with loss of CO becoming more prominent as the proton affinity of the donor base formed by reaction of CpRh(C0) 2 with CH/, subsequent reaction with D 2 Ieads to incorporation of a single deuterium into the ionic product. Similarly the ionic product of reaction 17 incorporates four deuterium atoms when D 2 is present. The mechanism proposed for these reactions is as indicated below, with the first step involving addition of D 2 to the metal center.
Acylation of CpRh(C0) 2 with CH 3 CO+ Ieads to the two products indicated in Equations 18 and 19. Using 18 0 Iabelied CH 3 CO+, all of the Iabel is retained in the ionic product of reaction (18) (19) 18 and exactly one half is present in the ionic product of reaction 19. CO can be displaced from the ionic product of reaction 19 with strong n-donor bases. Methylation of CpRh(C0) 2 with the dimethyl fluoronium ion (Ref. 32) Ieads to abundant formation of CpRh(CO)CH/. This species reacts rapidly with D 2 as does the product of reaction 19 to yield the hydrido species CpRh(CO)D+. This sequence of reactions is illustrated by the trapped ion data shown in Fig. 9 . The reaction scheme proposed below accounts for the acylation and alkylation of CpRh(C0) 2 • It is evident in the acylation process that methyl migration from carbon to meta! precedes lass of the second CO.
The chemistry of CpRh(C0) 2 differs significantly from previous investigations of first row complexes in that hydrogen reversibly binds and dissociates on coordinatel~ unsaturated rhodium complexes without an apparent activation energy. With metäl älkY complexes this Ieads to the reductive elimination of alkanes in preference to lass of CO. This contrasts the behavior discussed above for protonated (C0) 5 MnCH 3 • Since these differences in reactivity are intimately related to metalligand band dissociation energies, it is not surprising that the strengest meta! hydrogen band thus far examined is for the rhodium complex CpRh(C0) 2 listed in Table 2. PROGNOSIS New experimental techniques, including most prominently ion cyclotron resonance spectroscopy, have created a mini-renaissance in physical organic chemistry during the last decade. With the determination of properties such as proton affinities, carbonium ion stabilities, acidities, band dissociation energies, and electron affinities, new insights into the reactivity of organic molecules in the absence of solvent have been attained. The 
